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. The MEMS microphone was integral in the miniaturization of the photoacoustic resonant cell allowing for improved trace gas sensing through a reduction in path length between the photoacoustic event and the acoustic sensor (see figure 1 ). A general comparison of ZnO and PZT thin films is available in table 2. With a rudimentary equation for microphone sensitivity, it is quite clear that a microphone using PZT will not yield the most sensitive microphone. Although PZT has a transverse piezoelectric coefficient an order of magnitude larger than ZnO, the gain in performance is reduced because of its 100-fold increase in dielectric constant. One potential benefit of using PZT over ZnO is the lower dielectric loss typically exhibited in PZT. With this understanding, this report outlines the research to date on the development of PZT MEMS microphone for potential use in a prototype MEMS photoacoustic spectrometer and for use as a remote acoustic sensor. 
Microphone Fabrication
A piezoelectric microphone based on PZT thin films was designed in order to investigate its potential use as a passive sensing element in a photoacoustic resonant cell. The microphone fabrication process began with a double-sided polished silicon wafer and used several different types of deposition systems (see figure 2) . A plasma-enhanced chemical vapor-deposited (PECVD) silicon dioxide thin film (1 µm thick) was deposited with a Plasma-Therm 790 reactor using a mixture of SiH 4 , He, and N 2 O. The oxide served as the membrane structural layer and was chosen to be 1 µm thick. After deposition, the film was annealed in an A.G. Associates Heatpulse 610 rapid thermal anneal (RTA) furnace at 700 °C for 60 seconds in a nitrogen atmosphere. This annealing removes the trapped hydrogen within the film and causes the film to obtain a slightly tensile stress, which aids in producing a planar membrane and a high performance microphone. After the oxide is deposited and annealed, a metal electrode was deposited via sputtering to serve as the bottom electrode and as a growth template for the piezoelectric actuator. For adhesion to the oxide, a thin layer (200 Å) of titanium was first sputtered and was immediately followed by platinum deposition (800 Å) without breaking vacuum within a Varian 3190 direct current (DC) magnetron sputter deposition system. Following the platinum deposition, the wafers were annealed in the RTA furnace at 700 °C for 60 seconds in flowing dry air in order to improve the adhesion between the oxide and metal layers and the surface texture of the platinum before deposition of the piezoelectric thin film.
The next fabrication step was to deposit the PbZr 0.52 Ti 0.48 O 3 thin film. The deposition process is a solution spin on process. First, a PZT sol-gel solution was prepared via a modified alkoxide process first introduced by Budd, Dey, and Payne (14) . This process used lead acetate trihydrate, zirconium n-propoxide, and titanium isopropoxide as the precursors and 2-methoxyethanol as the solvent. Once the sol-gel solution was prepared and aged, the repetitive deposition process, as depicted in figure 3c , began with a portion of the sol dispensed onto a platinized silicon substrate. The wafer was then spun at 2,500 rpm for 30 seconds. Next, the wafers were placed onto a hotplate at 350 °C for 120 seconds, which causes the film to undergo pyrolysis, thereby decomposing all the organics. This process of deposition, spin, and pyrolysis was then repeated a total of four times. After the last pyrolysis, the wafer was annealed in a RTA furnace at 700 °C for 30 seconds in flowing air in order to crystallize the PZT thin film. The result was approximately a 0.25 µm PZT film, and the entire process was continued in order to achieve the desired thickness of a 1-µm PZT thin film.
After the piezoelectric was deposited, a top electrode of platinum (800 Å) was sputter deposited onto the wafer surface. The wafers were then annealed in an RTA at 350 °C for 120 seconds in flowing air to improve adhesion and reduce any sputtering induced surface damage. The resultant wafer stack at this stage is Si/SiO 2 /Ti/Pt/PZT/Pt. The first step in the microphone fabrication is to define the final actuator dimensions and the location of the electrical contacts. Because electrical contact has to be made with the bottom Ti/Pt electrode, a sacrificial titanium layer was electron beam evaporated onto the wafer and patterned with a lift-off technique. The next step was to pattern the wafer with Clariant AZ 5214E reverse image photoresist. To define the final actuator dimensions, argon ion milling was employed to sputter remove the Ti/Pt/PZT/Pt stack from most of the wafer. During this process, the sacrificial Ti layer will prevent the ion milling of approximately half the PZT layer and all of the Ti/Pt bottom electrode.
After removal of the photoresist, another resist pattern was placed onto the wafer in order to open windows to the bottom electrode. Within these windows, the structure was Si/SiO 2 /Ti/Pt/PZT. The PZT was then wet etched with H 2 0:HCl:HF (2:1:0.02) in order to expose the Pt. Afterwards, the photoresist was removed with photoresist stripper at 85 °C.
The next step in the fabrication was to deposit a 2500-Å PECVD SiO 2 thin film to serve as an isolation layer preventing electrical contact between the top and bottom electrical traces. After deposition, the film was annealed in an RTA at 350 °C for 120 seconds in flowing N 2 and then again for 120 seconds in flowing air. This anneal improves the adhesion between the structural silicon dioxide and the isolation oxide. The next step was to pattern the oxide around the circumference of the actuator. Again, positive photoresist was used and the wafer was placed into a LAM 1 590 etching system in which the oxide was etched with CHF 3 /CF 4 plasma.
To make electrical contact with the top Pt electrode of the actuator, an evaporated 200-Å Ti/ 2500 Å Au layer was deposited and patterned with a lift-off technique. The Ti/Au was also deposited onto the bottom Ti/Pt electrode so that gold wire bonding could be used to package the final devices.
The final fabrication step was a deep reactive ion etch (DRIE) of the silicon substrate in order to release the membrane actuator. With a Karl-Suss MA/BA 1 6 mask aligner, a 6-µm thick positive photoresist (AZ 9245) was patterned onto the reverse side of the silicon substrate. The silicon DRIE was performed with a Unaxis VLR 1 cluster tool configured with an inductively coupled plasma (ICP) etch chamber. The silicon DRIE followed the Bosch (15) process using a cyclical etching process that consisted of a polymer deposition with a C 4 F 8 plasma followed by an isotropic silicon etching with a SF 6 plasma. In addition to creating a released membrane, the Bosch etch was used to separate each of the device die (see figure 4) .
Device die 5 mm Figure 4 . Illustration of the device die, after the Bosch process, with as many as four individual PZT microphones per die.
After etching, the remaining photoresist was removed with an oxygen plasma, and the resultant microphone die were ready for packaging. The separated device die were subsequently packaged with a TO-8 package that was pre-drilled with a circular release hole. The release hole allows the membrane to deflect and freely push air out the opening, thereby reducing the deleterious effect of squeeze film damping.
Acoustic Testing
We evaluated the performance of a PZT microphone by placing a packaged microphone die into an electrical test chamber (as seen in figure 5 ) with rubber grommet seals to prevent outside noise interference. An acrylic cap was placed on top the packaged microphone die, and a Tygon 2 tube was attached between the acrylic cap and the tube driver assembly. The acoustic test chamber was configured with BNC 3 mounts for electrical connection and a 1/8-inch inner diameter (ID) nozzle for connecting to the Tygon tube from the signal source. (The BNC mounts provide electrical contact to the packaged microphone whereas the acrylic plate on top provides a connection for the acoustic tube.)
Two different sound sources were used to characterize the performance of the PZT microphones. The first source was an ACO 4 Pacific electromagnetic source outputting a 1-kHz tone of either 94 dB or 104 dB. The second sound source was a B&K 4 Pistonphone producing a 124-dB tone at either 250 Hz or 325 Hz. As seen schematically in figure 6 , the generated acoustic wave was detected simultaneously by both a B&K 4 calibrated microphone and the PZT microphone. The data were collected with Labview software and subsequently analyzed with a MATLAB 
Results and Discussion
PZT membrane microphones with a diameter from 500 to 2000 µm were successfully fabricated with two main designs initially focused upon. Scanning electron micrographs in figure 8a illustrate the Bosch etch used to create the released membrane. The resultant membrane structure consists of an overall positive stress gradient resulting in a planar released surface as depicted in figure 8b . The bumps on the surface of the device die are the remnant gold wire bonds. The last image in figure 8 shows the oxide passivation around the perimeter of the PZT sensor as well as the Ti/Au contact strap. 
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To assess the performance of the PZT membranes, the packaged die were first analyzed with a Polytec scanning laser Doppler vibrometer so that the resonance characteristics could be obtained. With a pseudorandom 1-V p-p input signal with a 1-V offset , the frequency response and resonant mode shapes can be obtained for each of the diaphragms tested (see figure 9) . Testing of various sized membranes confirmed that when driven as actuators, they exhibit a classic 1/r frequency dependence, in which r is the membrane radius, thereby proving that the microphones operate as membranes and not as clamped plates (see figure 10) . The acoustic response of the microphones was plotted on a power (dB·V) versus frequency plot after a fast Fourier transform (FFT) was performed on the voltage output from each sensor. Typical plots generated for both sound sources are seen in figures 11a and 11b for a 750-µm diameter microphone with 20% sensor coverage. The PZT microphones performed well in these early experiments with magnitudes not too dissimilar from the B&K microphone. A clear distinction between the PZT and B&K output was the amount of noise in the PZT response. One side effect of using an unmatched amplifier was the unintentional amplification of the noise in both the data acquistion as well as chamber losses. The noise amplification was also evident in the 60 Hz harmonics present in figure 11 at 300 Hz and 1020 Hz. Although the noise floor is amplified, it remains in the low to mid 10 -6 V range whereas the noise floor for the B&K microphone is 10 -7 V. An examination of the acoustic output from the PZT microphone produced an unamplified sensitivity of 97.9 to 920 nV/Pa, depending on the size and configuration of the microphone. This sensitivity falls far short from the predicted values that should range in the mid to high microvolt per Pascal. The plot in figure 12 compares the predicted sensitivities against the experimentally determined values including the amplifier. The amplified sensitivities were plotted for ease of viewing both values. Each curve follows a radius squared relationship as expected from the area term in the sensitivity equation. Unfortunately, the experimental values do not possess the same multiplicative constant for increasing radius. Even with low sensitivities of the PZT microphone, they exhibit a current limit of detection of ~ 50 dB SPL, which can make the sensor viable as a remote acoustic sensor and useful in the preliminary testing of a MEMS photo-acoustic sensor. There are several potential possibilities for the difference between predicted and experimental values. One important characteristic to the predicted values concerns the assumption of zero residual stress. It is well known from previous research efforts that a composite PZT thin film actuator possesses a wide variety of residual stress values with the overall gradient determining the behavior of the final device. As previously stated with figure 7, a planar-released membrane indicates a positive residual stress gradient in the composite. In addition to the residual stress assumption, the sensitivity equation also assumes a minimal load capacitance. There is definitely a finite load capacitance in the electrical setup, especially considering the impedance mismatch between the PZT sensor and the SRS operational amplifier (op-amp) and the extraordinarily long connection cables. The final assumption with the sensitivity equation is proper match of both the acoustic and electrical domains. Even though there is a open cavity in the TO-5 package, there is an acoustic mismatch between the DRIE release via hole and the open air cavity of the test chamber.
Another possible reason for the diminished output from the PZT microphones was resolved upon investigation of the dielectric and ferroelectric properties of the devices. The dielectric properties of the microphones were good with dielectric constants of 1021 ± 55 and a dielectric loss of 3.5% ± 1%. Unfortunately, the ferroelectric hysteresis loops exhibited a pinched hysteresis loop indicative on a non-optimal PZT thin film and may lead to diminished piezoelectric properties (see figure 13 ). It is true that some of the normal hysteretic response can be achieved with poling but in order to fully remove the effect of the pinched loop, a thermal poling process is required. The packaged microphones were unable to undergo a thermal poling process due at the time of this investigation. Besides optimizing the material properties and the acoustic and impedance matches, one possibility for increasing the sensitivity is using electrode shaping and/or design. Combining the output signal from the inner and outer regions of a deflecting membrane can be extremely beneficial to the performance of a membrane. As presented by Kim (9) , differential summation from different regions of the acoustic sensor can be used to optimize the voltage output from a piezoelectric microphone while minimizing the effects of increased capacitance with sensor size. Our first attempts examine the combined output from a PZT sensor with both the outer 20% and inner 75% covered with PZT (see figure 14) . 
Conclusion
Initial research successfully fabricated a piezoelectric microphone for acoustic sensing. The PZT microphones were shown to perform well up to their mechanical resonant frequency and may provide a low power means of detecting acoustic signals. These initial microphones exhibit a sensitivity of 97.9 to 920 nV/Pa. Although these values are lower than predicted performance, further modifications of the microphone, acoustic and electric impedance matching, and predicting equations were presented as a means to further enhance the development of a PZT MEMS-based microphone.
